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Histone deacetylase 3 (HDAC3) is one of four members of the human class I HDACs that regulates gene
expression by deacetylation of histones and nonhistone proteins. Early studies have suggested that HDAC3
activity is regulated by association with the corepressors N-CoR and SMRT. Here we demonstrate that, in
addition to protein–protein interactions with NCoR/SMRT, the activity of HDAC3 is regulated by both
phosphorylation and dephosphorylation. A protein kinase CK2 phosphoacceptor site in the HDAC3 protein
was identified at position Ser424, which is a nonconserved residue among the class I HDACs. Mutation of this
residue was found to reduce deacetylase activity. Interestingly, unlike other class I HDACs, HDAC3 uniquely
copurifies with the catalytic and regulatory subunits of the protein serine/threonine phosphatase 4 complex
(PP4c/PP4R1). Furthermore, HDAC3 complexes displayed protein phosphatase activity and a series of
subsequent mutational analyses revealed that the N terminus of HDAC3 (residues 1–122) was both necessary
and sufficient for HDAC3–PP4c interactions. Significantly, both overexpression and siRNA knock-down
approaches, and analysis of cells devoid of PP4c, unequivocally show that HDAC3 activity is inversely
proportional to the cellular abundance of PP4c. These findings therefore further highlight the importance of
protein–protein interactions and extend the significance of dephosphorylation in the regulation of HDAC
activity, as well as present a novel alternative pathway by which HDAC3 activity is regulated.
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Histone deacetylases (HDACs) are enzymes that cata-
lyze the removal of acetyl groups from lysine residues in
histones and nonhistone proteins. They play a pivotal
role in transcriptional regulation and most likely in all
biological processes in eukaryotes that involve chroma-
tin. Many studies have suggested that HDACs regulate
cell cycle progression, cell proliferation, and differentia-
tion (for review, see Marks et al. 2001, 2003, 2004; Kelly
et al. 2002; Thiagalingam et al. 2003; Yang and Seto
2003). In addition, results from several studies have pro-
vided strong evidence of a link between HDACs and hu-
man cancer (e.g., Brehm et al. 1998; Gelmetti et al. 1998;
Grignani et al. 1998; Lin et al. 1998; Lutterbach et al.
1998; Magnaghi-Jaulin et al. 1998; Guidez et al. 2000;
Juan et al. 2000; Luo et al. 2000, 2001; Amann et al. 2001;
Vaziri et al. 2001; Durst et al. 2003).

The human class I HDACs, which possess homology
to the yeast RPD3 protein, include HDAC1, HDAC2,

HDAC3, and HDAC8 (for review, see Yang and Seto
2003; Thiagalingam et al. 2003; Marks et al. 2004). His-
torically, HDAC1 and HDAC2 were the first two
HDACs identified and cloned in humans (Taunton et al.
1996; Yang et al. 1996). HDAC3 was subsequently dis-
covered by screening the NCBI expressed sequence tag
database for genes that encode proteins similar to yeast
RPD3, but distinct from HDAC1 and HDAC2 (Yang et
al. 1997; Emiliani et al. 1998). HDAC3 was also indepen-
dently identified in PHA-activated T cells using mRNA
differential display (Dangond et al. 1998). The predicted
amino acid sequence of HDAC3 has an open reading
frame of 428 residues with a theoretical molecular mass
of ∼49 kDa (Yang et al. 1997; Dangond et al. 1998; Emil-
iani et al. 1998). The protein is conserved across many
species and is ubiquitously expressed in a wide variety of
human cell lines and tissues (e.g., Emiliani et al. 1998;
Johnson et al. 1998; Lu and Horvitz 1998; Shi and Mello
1998; Dangond et al. 1999; Mahlknecht et al. 1999;
Strausberg et al. 2002). HDAC3 is located in both the
nucleus and in the cytoplasm and can self-associate to
form dimers and trimers in vitro and in vivo (Guenther
et al. 2002; Yang et al. 2002). Similar to most if not all
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class I HDACs, HDAC3 represses transcription when di-
rected to promoter regions by serving as a corepressor
(Yang et al. 1997). The chief targets of HDAC3 are
nuclear hormone receptor-regulated and growth-regu-
lated genes (Ishizuka and Lazar 2003; Zhang et al. 2004).

A major breakthrough in our understanding of the
regulation and the mechanisms underlying HDAC3
function came from the isolation of a large multi-sub-
unit protein complex containing HDAC3, the nuclear
receptor corepressor (N-CoR), the silencing mediator for
retinoid and thyroid receptors (SMRT), transducin-�-like
protein (TBL1), G-protein pathway suppressor 2 (GPS2),
and other factors that have yet to be characterized
(Guenther et al. 2000; Li et al. 2000; Underhill et al.
2000; Wen et al. 2000; Zhang et al. 2002; Yoon et al.
2003). N-CoR/SMRT recruits HDAC3 in order to serve
as effective corepressors of DNA-bound unliganded
nuclear hormone receptors and many other transcription
factors including Rev-Erb, COUP-TF, DAX1, MAD, and
Pit-1 (Urnov et al. 2000; Jepsen and Rosenfeld 2002). In-
terestingly, N-CoR and SMRT function not merely as
platforms for recruitment of HDAC3 but also directly
stimulate HDAC3 enzymatic activity (Wen et al. 2000;
Guenther et al. 2001; Zhang et al. 2002).

Although association with N-CoR/SMRT is a princi-
pal regulatory mechanism of HDAC3 activity, we have
found that the activity of HDAC3, like that of other class
I HDACs, is also potentially regulated by phosphoryla-
tion (Tsai and Seto 2002). Here we show that the protein
kinase CK2 phosphorylates HDAC3 and alters its enzy-
matic activity. We also report the identification of novel
components of the HDAC3 complex and show that the
proteins previously designated as p35 and p125 (Wen et
al. 2000) are the catalytic and regulatory subunits, re-
spectively, of protein phosphatase 4 (PP4). These new
findings suggest that phosphorylation/dephosphoryla-
tion is a key determinant of HDAC3 activity.

The 35-kDa catalytic subunit of PP4 (PP4c), also
known as PPX, is a highly conserved carboxymethylated
protein that belongs to the PP2A family of serine/threo-
nine protein phosphatases. Genomic organization of the
human PP4c gene suggests a common ancestry with
PP2A (Huang et al. 1997). Although 65% identical to the
catalytic subunit of PP2Ac, PP4c does not associate with
the 65-kDa regulatory subunit of PP2A (Brewis et al.
1993; Kloeker and Wadzinski 1999). Instead, PP4c asso-
ciates with two other regulatory subunits, the 120–125-
kDa PP4R1 (Kloeker and Wadzinski 1999) and the 50-kDa
PP4R2 (Hastie et al. 2000). A possible isoform of PP4R1 is
abundantly expressed in human mesangial cells (Wada et
al. 2001). Currently, very little is known about the pre-
cise biological functions of PP4. Although some reports
have implicated PP4 in the nucleation, growth, and sta-
bilization of microtubules at centrosomes/spindle bodies
during cell division (Brewis et al. 1993; Helps et al. 1998;
Hastie et al. 2000; Sumiyoshi et al. 2002), the physiologi-
cal substrates for PP4 have yet to be identified. Here, we
present sound evidence that PP4 interacts specifically
with HDAC3 and that HDAC3 is a natural substrate of
PP4. Consistent with their ability to interact, PP4 can

dramatically alter the deacetylase activity of HDAC3.
Hence, our results provide the first identification of a
protein phosphatase that regulates HDAC3 activity.

Results

Phosphorylation of HDAC3 on Ser424

To determine whether HDAC3 is phosphorylated in
vivo, we prepared cellular extracts from 32P-labeled
HeLa cells expressing Flag-HDAC3 and immunoprecipi-
tated the protein with anti-Flag antibodies under high
stringency conditions. Immunoprecipitated proteins
were resolved on SDS-polyacrylamide gels. As a negative
control, an immunoprecipitation was carried out side-
by-side with metabolically labeled extracts prepared
from HeLa cells expressing the Flag epitope. As shown in
Figure 1A (top panel, lane 2), Flag-HDAC3 is detectable
as a phosphorylated protein in vivo. The in vivo labeling
of Flag-HDAC3 was then repeated, and the phosphory-
lated product was purified from the SDS gel. Using par-
tial acid hydrolysis, followed by two-dimensional thin
layer electrophoresis of the labeled phosphoamino acid,
the presence of phosphoserine, but neither phospho-
threonine nor phosphotyrosine, was unambiguously
identified in HDAC3 (Fig. 1B).

To show that the native HDAC3 protein is phosphory-
lated on serine, HDAC3 was immunoprecipitated from
extracts of HeLa cells using anti-HDAC3 antibodies and
immunoblotted with anti-phosphoserine antibodies (Fig.
1C, lane 2). As a negative control, a sample precipitated
with preimmune sera was treated identically on the
same blot (Fig. 1C, lane 1). Similar to our findings with
overexpression of epitope-tagged HDAC3, endogenous
HDAC3 was, indeed, phosphorylated on serine.

To identify the phosphorylated serine residue on
HDAC3, we first compared an in vivo labeled, immuno-
precipitated C-terminal deletion HDAC3 mutant (1–401)
to wild-type protein. As shown in Figure 1A, a trunca-
tion at the extreme C terminus of HDAC3 (residues 402–
428) completely abolishes HDAC3 phosphorylation (top
panel, lane 4). Sequence analysis revealed that two po-
tential serine phosphorylation sites, Ser405 and Ser424,
are located in this truncated region (Fig. 1D). Both of
these putative HDAC3 phosphorylation sites are con-
served between different species, but not among the dif-
ferent class I HDACs. In a subsequent analysis of an
artificial neural network predictor of phosphorylation
sites (http://www.cbs.dtu.dk/services/NetPhos; Blom et
al. 1999), the Ser424 residue received a score of 0.989,
strongly indicating that it is a genuine phosphorylation
site. To confirm this, we tested an S424A mutant under
the same phosphorylation assay conditions used for
wild-type HDAC3 in vivo, and observed a dramatic re-
duction in phosphorylation levels (Fig. 1A, top panel,
lane 3).

Protein kinase CK2 phosphorylates HDAC3 Ser424

The HDAC3 Ser424 residue lies within a protein kinase
CK2 recognition motif (X[S/T]XX[D/E]). To determine if
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HDAC3 is a direct substrate of CK2, we tested the ability
of purified CK2 to phosphorylate HDAC3 in vitro. As
shown in Figure 2, HDAC3 was readily phosphorylated
by CK2 (Fig. 2B, left top panel, lane 1). Deletion analyses
further showed that fragments containing the C termi-
nus of HDAC3 (180–428, 266–428, 374–428), but not
C-terminal truncation mutants (1–265, 1–180, 1–122),
are phosphorylated by CK2 (Fig. 2B, top panels, lanes
2–5,9,10). Significantly, an Ala substitution at Ser424 al-
most completely abolished the phosphorylation of
HDAC3 by CK2, whereas the substitution of Ser405 with
Ala had little effect (Fig. 2B, right top panel, lanes 7,8).

Phosphorylation of HDAC3 on Ser424 alters its
enzymatic activity

Previous studies have suggested that the phosphoryla-
tion of HDAC1, HDAC2, or of HDAC8 affects their re-
spective enzymatic activities (Pflum et al. 2001; Tsai and
Seto 2002; Lee et al. 2004). To determine if the phos-
phorylation of Ser424 on HDAC3 influences its enzy-
matic activity, we expressed various Flag-HDAC3 mu-
tants in HeLa cells and immunoprecipitated the proteins
with anti-Flag antibodies to test their ability to deacety-
late core histones. As shown in Figure 3A, the histone
deacetylase activity of HDAC3 is strictly dependent on
an intact Ser424 site. Mutation of Ser405, which is not
appreciably phosphorylated by CK2, had no effect on
deacetylase activity. In contrast, mutation of Ser424

alone or in combination with Ser405 severely reduces the
enzymatic activity of HDAC3. Differences in the HDAC
activity levels were not due to altered expression or sub-
cellular localization, which were comparable between
wild type and the S424A mutant (Fig. 3B, top panel, cf.
lanes 1 and 3, lanes 2 and 4). These data thus suggest that
the phosphorylation of Ser424 on HDAC3 by CK2 is ab-
solutely critical for enzymatic activity.

Physical interaction between PP4c/PP4R1 and HDAC3

Previously, we described the purification of an endog-
enous HDAC3 complex from total HeLa cell extracts
using an anti-HDAC3 immuno-affinity column (Wen et
al. 2000). We found that in addition to HDAC3, at least
nine proteins (p215, p205, p195, p130, p125, p54, p52,
p37, and p35) were specifically coeluted with HDAC ac-
tivity. In gel tryptic digestion, followed by sequencing by
microcapillary HPLC ion trap mass spectrometry, sub-
sequently revealed that p215, p205, and p195 are deriva-
tives of N-CoR and SMRT (Wen et al. 2000). In addition,
p130 was identified as the transcription factor TFII-I
(Tussie-Luna et al. 2002; Wen et al. 2003) and, consistent
with other reports (Guenther et al. 2000; Li et al. 2000;
Underhill et al. 2000; Zhang et al. 2002; Yoon et al.
2003), we elucidated that p54 and p52 are TBL1 and
TBLR1, and that p37 is GPS2 (data not shown). To com-
plete the identification of factors in the HDAC3 complex
in this study, we subjected the p125 protein to mass
spectrometry analysis and found that this HDAC3-asso-
ciated polypeptide is the PP4R1 phosphatase (Fig. 4A).

To ensure that the copurification of PP4R1 with
HDAC3 was not a result of antibody cross-reactivity, we
transfected HeLa cells with plasmids expressing Myc-
PP4R1 and Flag-HDAC3 fusion proteins. Extracts pre-
pared from transfected cells were then immunoprecipi-
tated under low-stringency conditions with anti-Flag an-
tibodies and immunoblotted with anti-Myc antibodies.
As shown in Figure 4B (top panel), Myc-PP4R1 coprecipi-
tates with Flag-HDAC3 (lane 3) and this coprecipitated
product was not seen in the absence of Myc-PP4R1, Flag-
HDAC3, or anti-Flag antibody (lanes 1,2,4).

To confirm our observation that HDAC3 and PP4R1

interact, we tested whether a GST-HDAC3 affinity ma-
trix would capture PP4R1 in vitro. Recombinant GST-
HDAC3 (bacterially expressed) was bound to glutathi-

Figure 1. In vivo phosphorylation of Ser424 on
HDAC3. (A) HeLa cells were transfected with Flag
control vector or with constructs expressing either
wild-type or mutant Flag-HDAC3 and were then la-
beled with 32P-orthophosphate for 4 h at 37°C. Cell
extracts were immunoprecipitated (IP) with anti-
Flag antibody under high-stringency conditions, and
immunoprecipitates were resolved by SDS-PAGE.
(Top panel) Phosphoproteins were visualized by au-
toradiography. Molecular weight markers positions
are indicated on the left. (Bottom panel) Immuno-
precipitates were immunoblotted (IB) with anti-Flag
antibodies to control for expression efficiency in
lanes 2–4. (B) Immunoprecipitated and radiolabeled
Flag-HDAC3 was excised from an SDS gel, sub-
jected to partial acid hydrolysis and analyzed by cel-
lulose thin-layer chromatography. (C) HeLa cell ex-
tracts were either immunoprecipitated with preim-
mune sera or anti-HDAC3 antibodies and then
immunoblotted with anti-phosphoserine antibodies

(top panel) or directly immunoblotted with anti-HDAC3 antibodies (bottom panel). (D) Amino acid sequence of the extreme C-
terminal end (residues 401–428) of human HDAC3 (Yang et al. 1997). Putative serine phosphorylation sites, as determined by
phosphobase detection (http://www.cbs.dtu.dk/databases/PhosphoBase/predict/predict.html), are underlined. Ser424 is highlighted by
an asterisk, indicating its strong likelihood as a protein kinase CK2 phosphorylation site.
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one-Sepharose beads and incubated with [35S]methio-
nine-labeled PP4R1, produced by in vitro translation in a
reticulocyte lysate. The beads were then washed and
boiled in sample loading buffer, and the proteins were
analyzed by electrophoresis in an SDS-polyacrylamide
gel. PP4R1 was found to be captured by the GST-HDAC3
fusion protein (Fig. 4C, lane 3), but not by the GST poly-
peptide alone (Fig. 4C, lane 2) or by GST-HDAC2 fusion
protein (Fig. 4C, lane 4).

Our findings that endogenous PP4R1 copurifies with
endogenous HDAC3 and that PP4R1 interacts specifi-
cally with HDAC3 in two different assays prompted us
to examine whether the 35-kDa protein that copurified
with HDAC3 could, in fact, be PP4c. A coprecipitation
experiment was performed using 293T whole-cell ex-
tracts with anti-HDAC3 antibodies, followed by immu-
noblotting with anti-PP4c antibodies. As shown in Fig-
ure 4D, PP4c coprecipitates with anti-HDAC3 (lane 3)
but not with the preimmune sera (lane 2), anti-HDAC1
(lane 4), or anti-HDAC2 (lane 5), indicating that in addi-
tion to PP4R1, PP4c is present in the HDAC3 complex.

To confirm that PP4c, like PP4R1, interacts specifically
with HDAC3, we repeated our coprecipitation experi-
ments shown in Figure 4B with HeLa cells expressing
HA-PP4c. As predicted, HA-PP4c coprecipitates with
Flag-HDAC3 only in the presence of both proteins and
anti-Flag antibodies (Fig. 4E, top panel, lane 3). Signifi-
cantly, HA-PP4c did not interact with either Flag-
HDAC1 or Flag-HDAC2 (Fig. 4F, top panel, lanes 2,3),
indicating that the HDAC3–PP4c association is highly
specific.

The region incorporating residues 1–122
of HDAC3 is both necessary and sufficient
for HDAC3–PP4c interaction

To identify the domain(s) of HDAC3 that interacts with
PP4c, we performed coprecipitation experiments with
extracts of HeLa cells that were cotransfected with a
plasmid expressing HA-PP4c and plasmids expressing
Flag fused to either full-length HDAC3 or various dele-
tion mutants of HDAC3. Our results indicate that the
full-length HDAC3 (1–428) and the C-terminal deletion
mutants (1–180 and 1–122) clearly bind PP4c (Fig. 5A,B
[top panel, lanes 2–4]), whereas the N-terminal deletion
mutants of HDAC3 (122–428 and 180–428) do not bind
PP4c (Fig. 5B, lanes 5,6). These data advocate that resi-
dues 122–428 of HDAC3 are not necessary for HDAC3–

Figure 2. In vitro phosphorylation of HDAC3 by protein ki-
nase CK2. (A) Schematic diagram of both full-length (1–428) and
various truncated GST-HDAC3 proteins. Ser-to-Ala substitu-
tions are denoted by asterisks, and the ability of each GST-
HDAC3 protein to be phosphorylated by CK2 is indicated (+ or
−). For simplicity, the GST moieties of the fusion proteins are
not shown. (B) Recombinant GST-HDAC proteins were incu-
bated with purified CK2, followed by in vitro phosphorylation
assay. (Top panels) Proteins were resolved by SDS-PAGE and
32P-radiolabeled proteins were visualized by autoradiography.
To maximize resolution of different protein fragments, the two
gels shown were prepared with two different percentages of
polyacrylamide. Autophosphorylated CK2 products are indi-
cated (left top panel), and Coomassie blue staining was per-
formed prior to autoradiography for quantification purposes
(bottom panels).

Figure 3. Mutation of Ser424 inhibits HDAC3 enzymatic activ-
ity. (A) HeLa cells were transfected with plasmids encoding ei-
ther Flag-tagged wild-type or mutant HDAC3. Cell extracts
were immunoprecipitated with anti-Flag antibodies and assayed
for histone deacetylase (HDAC) activity. All transfections were
normalized with parental expression vectors, and the data
shown are the average results ± SD from three separate experi-
ments. (B, top panel) Nuclear and cytosolic extracts were West-
ern blotted with anti-Flag antibodies. The blot was then
stripped and reprobed with either anti-HDAC1 (middle panel)
or anti-�-tubulin (bottom panel) antibodies to monitor the pu-
rity of nuclear and cytosolic fractions, respectively.

Zhang et al.

830 GENES & DEVELOPMENT



PP4c associations and that the minimal interaction re-
gion is located within residues 1–122.

HDAC3 associates with protein phosphatase activity

To determine whether the interaction with PP4c causes
the recruitment of phosphatase enzymatic activity by
HDAC3, we expressed Flag-HDAC3 in HeLa cells, im-
munoprecipitated the tagged protein with anti-Flag an-
tibodies, and assayed for phosphatase activity using a
serine phosphopeptide and a nonradioactive malachite
green phosphate detection solution. Negative controls
included mock immunoprecipitations without anti-Flag
or anti-Flag immunoprecipitations in extracts not ex-
pressing Flag-HDAC3. Interestingly, phosphatase activ-
ity coprecipitated with Flag-HDAC3 only in the pres-
ence of overexpressed PP4c but not PP4R1 (Fig. 6A), sug-

gesting that PP4c is the limiting component in the
HDAC3–PP4 complex. Immunoprecipitations followed
by Western blot analyses confirmed that HDAC3 is not
normally saturated with PP4c, and the amount of inter-
acting PP4c increases after overexpression (Fig. 6B).

PP4c dephosphorylates HDAC3

A conceivable functional consequence of the HDAC3–
PP4 interaction is that HDAC3 recruits PP4 to regulate
the phosphorylation state of histones. Alternatively,
though not mutually exclusive, is the possibility that
HDAC3 serves as a substrate for PP4c. To test this pos-
sibility, HeLa cells were transfected with plasmids ex-
pressing Flag-HDAC3 and anti-Flag immunocomplexes
were then immunoblotted with anti-phosphoserine an-
tibodies. As shown in Figure 7A (upper left panel),

Figure 4. HDAC3 physically associates with
PP4. (A) Amino acid sequence of PP4R1. The un-
derlined peptide sequences were obtained by mi-
crocapillary reverse-phase HPLC nano-electro-
spray tandem mass spectrometry (µLC/MS/MS)
on a Finnigan LCQ DECA XP Plus quadrupole
ion trap mass spectrometer. (B,E,F) Extracts pre-
pared from HeLa cells transfected with plasmids
encoding the indicated proteins were immuno-
precipitated (IP) with anti-Flag antibodies and
immunoblotted (IB) with either anti-Myc or anti-
HA antibodies. “Mock IP” indicates reactions
carried out identically but without anti-Flag an-
tibodies. Direct immunoblots were performed on
all extracts to assess protein expression levels.
(C) GST-HDAC3 bound to glutathione-Sepha-
rose beads was incubated with in vitro-trans-
lated, [35S]methionine-labeled PP4R1. Washed
beads were boiled in sample buffer, and released
proteins were electrophoresed on an SDS gel. Ra-
diolabeled PP4R1 was visualized by autoradiogra-
phy. The input lane was loaded with 10% of the
amount of 35S-labeled protein used in the bind-
ing reactions. (D) 293T whole-cell extracts were
immunoprecipitated with anti-HDAC3, anti-
HDAC1, anti-HDAC2 antibodies, or preimmune
sera (PIS). Precipitated material was Western
blotted using anti-PP4c antibodies. The input
lane was loaded with 1% of the amount of ex-
tract used in the immunoprecipitation reactions.

Regulation of HDAC3 activity by PP4
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HDAC3 is serine phosphorylated in Flag-HDAC3-ex-
pressing cells (Fig. 7A, lane 2). Serine phosphorylation
was markedly decreased in cells cotransfected with plas-
mids overexpressing PP4c either alone (Fig. 7A, lane 3) or
with PP4R1 (Fig. 7A, lane 5). Consistent with the fact
that PP4c interacts selectively with HDAC3, but not
HDAC1 or HDAC2, the overexpression of PP4c was
found to have no effect on serine phosphorylation of
HDAC1 and HDAC2 (Fig. 7A, lanes 6–9).

To confirm that PP4c dephosphorylates HDAC3 in
vivo, HeLa cells expressing Flag-HDAC3 were treated
with fostriecin, a potent PP4 inhibitor (Hastie and Cohen
1998; Boger et al. 2001; Lewy et al. 2002; Le et al. 2004),
and anti-Flag immunocomplexes were again immunob-
lotted with anti-phosphoserine antibodies. As shown in
Figure 7B (upper left panel), the level of serine phos-
phorylation in HDAC3 was much higher in fostriecin-
treated cells, compared to mock-treated cells (cf. lanes 2
and 3). The concentration of fostriecin (50 nM) used in
these experiments does not affect the activities of PP1 or
PP2B (Walsh et al. 1997; Cheng et al. 1998) and, as ex-
pected, treatment of cells with fostriecin had no effect on
serine phosphorylation of HDAC2 (Fig. 7B, lanes 4,5).

PP4c down-regulates HDAC3 activity

To determine whether dephosphorylation of HDAC3 by
PP4c modulates its deacetylase activity, HeLa cells were

cotransfected with plasmids expressing Flag-HDAC3
and PP4c, and anti-Flag immune complexes were assayed
for deacetylase activity using core histones as substrates.
The presence of exogenous PP4c greatly reduced the
deacetylase activity of HDAC3 (Fig. 8A, left panel). We
also compared the deacetylase activities of HDAC3 with
the overexpression of PP4R1 and found that, in agree-
ment with the observation that overexpression of PP4R1

alone does not affect the phosphorylation status of
HDAC3, HDAC3 activity remained intact in the pres-
ence of overexpressed PP4R1. In addition, consistent
with our findings that PP4c had no effect on serine phos-
phorylation in HDAC1 and HDAC2, the overexpression
of PP4c had no effect on either HDAC1 or HDAC2 en-
zymatic activities (Fig. 8A, right panel).

To determine whether the effect of PP4c on HDAC3
activity is mediated through Ser424, we compared the
effects of overexpressing PP4c on S405A versus S424A
mutants of HDAC3. As shown in Figure 8B, PP4c re-

Figure 5. Mapping of the PP4c-interacting domain in HDAC3.
(A) Schematic diagram of full-length (1–428) and various trun-
cated Flag-HDAC3 fusion proteins. For simplicity, the Flag moi-
eties are not shown. The ability of each Flag-HDAC3 fusion
protein to bind HA-PP4c is indicated (+ or −). (B) Anti-Flag im-
munoprecipitates (top panel) and total cellular extracts (middle
and bottom panels) from transfected cells were immunoblotted
(IB) with the indicated antibodies. Identical results were ob-
tained from multiple experiments.

Figure 6. HDAC3-associated protein phosphatase activity. (A)
Serine phosphatase activities were assayed in anti-Flag immu-
noprecipitates of HeLa cells transfected with plasmids encoding
PP4c, Flag-HDAC3, and/or Myc-PP4R1. “Mock IP” indicates re-
actions carried out identically but without antibody. An anti-
PP4c immunoprecipitate was used as a positive control. Each
assay was performed in duplicate from three independent
samples, and the values shown are the averages ± SD. (B) Im-
munoprecipitates and total cellular extracts (inputs) from trans-
fected cells were immunoblotted (IB) with the indicated anti-
bodies to assess HDAC3–PP4 interactions and to control for
protein expression. Representative blots are shown.
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duces the deacetylase activity of S405A (left panel). In
contrast, S424A, which is refractory to phosphorylation/
dephosphorylation, was not affected by the presence
of PP4c (right panel), indicating that PP4c acts by se-
lectively dephosphorylating Ser424 to down-regulate
HDAC3 activity.

To conclusively show that PP4 is, indeed, a negative
regulator of HDAC3 activity, we immunoprecipitated
Flag-HDAC3 from an extract prepared from HEK293
cells cotransfected with plasmids expressing Flag-
HDAC3 and PP4-RL, a dominant-negative PP4 mutant
(Zhou et al. 2002). In subsequent HDAC activity assays,
when compared to cells cotransfected with control vec-
tor, PP4-RL increased the activity of Flag-HDAC3 (Fig.
9A, left panel). This increase is highly specific, as the
activity of Flag-HDAC1 was not altered by PP4-RL under
identical conditions (Fig. 9A, right panel). In a tandem
series of experiments, we examined HDAC3 activity in
HeLa cells depleted of PP4c by RNAi. A short hairpin
RNA (shRNA) construct targeted against PP4c (obtained
from Open Biosystems) effectively reduced endogenous
PP4c (but not �-actin) levels and significantly increased
the deacetylase activity of HDAC3 (Fig. 9B). These data
firmly establish that an in vivo function of PP4c is to
down-modulate HDAC3 activity.

Previous immunoblotting and immunocytochemical
studies using rat tissues have shown that the PP4c pro-
tein is present in most tissues, with the highest levels of
expression found in brain and testes (Kloeker et al. 1997).

We surveyed a large panel of human cell lines and re-
peatedly found that PP4c is expressed at unusually low
levels in HepG2 cells (Fig. 9C, top panel; data not
shown). Based on this finding, we hypothesized that
HDAC3 activity would be elevated in HepG2 cells as a
result of the absence of PP4c. To test this theory, we
transfected HepG2 cells with a plasmid that expresses
Flag-HDAC3 and immunoprecipitated the exogenous
protein with an anti-Flag antibody to assay for deacety-
lase activity. As shown in Figure 9C (bar graph), when
compared to Flag-HDAC3 precipitated from HeLa cells,
Flag-HDAC3 precipitated from HepG2 cells has much
higher HDAC activity levels. Importantly, this robust
HDAC3 activity extracted from HepG2 cells was re-
duced by overexpression of PP4c. Taken together, results
from these experiments clearly demonstrate that the en-
zymatic activity of HDAC3 is heavily dependent on the
cellular concentration of PP4c.

Discussion

As would be expected for enzymes that control impor-
tant cellular processes, the activities of HDACs are
highly regulated (Legube and Trouche 2003; Sengupta
and Seto 2004). In the case of HDAC3, a key mechanism
underlying its positive regulation comes from its binding
to the corepressors N-CoR/SMRT. In addition, similar to
the well-characterized HDAC1 and HDAC2 proteins
(Pflum et al. 2001; Tsai and Seto 2002), HDAC3 activity
can be up-regulated via phosphorylation by protein ki-
nase CK2. In this report we define a novel molecular
mechanism for the negative regulation of HDAC3 activ-
ity by the protein phosphatase, PP4. We demonstrate
that the enzymatic activity of HDAC3 is exquisitely sen-
sitive to the cellular availability of PP4c.

Unlike HDAC1 and HDAC2, which are phosphory-
lated at multiple residues (Cai et al. 2001; Pflum et al.
2001; Tsai and Seto 2002), HDAC3 is primarily phos-
phorylated at its unique Ser424 site. This difference in
their phosphorylation profiles suggests that distinct
post-translational mechanisms regulate the activity of
HDAC3 and other class I HDACs. Previously, Galasin-
ski et al. (2002) showed that treatment of cultured cells
with the protein phosphatase inhibitor okadaic acid
leads to hyperphosphorylation of HDAC1 and HDAC2,
possibly through restraining the activity of PP1. In con-
trast to HDAC1 and HDAC2, however, HDAC3 both
binds and acts as a substrate for PP4, but not PP1. We
show that PP4R1 and PP4c copurify with endogenous
HDAC3 and also bind HDAC3 in both coimmunopre-
cipitation and GST pull-down assays. Although >60%
identical in overall amino acid sequence, the sequence
alignment comparisons of both the N and C termini of
HDACs 1, 2, and 3 reveal substantial differences. The N
terminus is required for oligomerization of HDAC3
(Yang et al. 2002) and also for cell viability (Takami and
Nakayama 2000). The interaction of PP4c with the N
terminus of HDAC3 fits well with the observation that
PP4c partners with HDAC3, but not HDAC1 or HDAC2.
In addition to PP4c, the N terminus of HDAC3 has also

Figure 7. Regulation of HDAC3 phosphorylation by PP4. (A)
HeLa cells were transfected with plasmids encoding Flag-
HDACs and PP4 as indicated. Extracts were then immunopre-
cipitated (IP) with anti-Flag antibodies and immunoblotted (IB)
with anti-phosphoserine antibodies (top panels) or with anti-
Flag antibodies (bottom panels). (B) HeLa cells expressing either
Flag-HDAC3 or Flag-HDAC2 were treated with (+) or without
(−) 50 nM fostriecin. Cell extracts were immunoprecipitated and
immunoblotted as in A.
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been previously shown to bind the orphan nuclear recep-
tor TR2 (Li et al. 2003), RelA (Chen et al. 2001) and, most
interestingly, the deacetylase-activating domain of
SMRT (Guenther et al. 2001). Thus, it appears that this
region of HDAC3 is a target of two opposing regulatory
processes. It will, therefore, be important to examine
whether the binding of PP4c and N-CoR/SMRT to
HDAC3 is mutually exclusive, and if so, elucidate the
conditions that determine which of these interactions is
selected.

In an earlier study, we determined that the unique
extreme C-terminal region of HDAC3, outside of the
conserved HDAC domain, is important for deacetylase
enzymatic activity (Yang et al. 2002). Our current re-
sults, showing that phosphorylation of Ser424 is critical
for HDAC3 activity, are consistent with our previous
findings showing that the deletion of the most C-termi-
nal 27 residues of HDAC3 significantly lowers its activ-
ity, whereas Ala substitutions at Pro407, Glu412, Asp415,

Asp417, Asp421, and Asp425 have no effect on HDAC3
deacetylase activity (Yang et al. 2002).

An increasing body of evidence now suggests that
many HDAC family members, including HDAC3, also
deacetylate nonhistone proteins. Our finding that
HDAC3 associates with PP4 raises the obvious question
of whether PP4R1 or PP4c may be acetylated, and if so,
whether these molecules could then serve as substrates
for HDAC3. Another unexpected yet interesting finding
of previous studies of HDACs is that, besides intrinsic
deacetylase activity, some class I HDACs are tightly
linked to additional histone and chromatin-modifying
activities. For example, a large portion of HDAC1 and
HDAC2 proteins have been shown to exist within the
chromatin-remodeling NuRD/Mi2 complex in the cell
(Tong et al. 1998; Wade et al. 1998; Zhang et al. 1998).
HDAC1 and HDAC2 also interact with both DNA to-
poisomerase II and DNMT1 (Fuks et al. 2000; Robertson
et al. 2000; Rountree et al. 2000; Tsai et al. 2000; Johnson

Figure 8. Negative regulation of HDAC3 activ-
ity by overexpression of PP4c. (A,B) HDAC activ-
ity was assayed in anti-Flag immunoprecipitates
prepared from HeLa cells transfected with plas-
mids encoding different wild-type and mutant
Flag-HDACs and PP4 as indicated. Immunopre-
cipitates or cell extracts were immunoblotted
(IB) with different antibodies to monitor
HDAC3–PP4 interactions and to normalize for
protein expression (representative blots are
shown). Each deacetylase assay was performed in
duplicate from three independent samples, and
the values shown are the averages ± SD.
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et al. 2001). In addition, a protein previously found in
several different HDAC1/2-containing complexes was
recently identified as a histone demethylase (Shi et al.
2004). It has been suggested that some HDACs may fa-
cilitate chromatin modification by targeting additional
enzymes to chromatin regions that are actively undergo-
ing histone deacetylation. Our finding that PP4 binds
HDAC3 unveils the unprecedented possibility that an
HDAC might recruit a phosphatase to dephosphorylate
histones. Our data showing that HDAC3 immune com-
plexes possess phosphatase activity enhance the attrac-
tiveness and feasibility of this model. Further studies are
now under way in our laboratory to determine whether
PP4 functions as a histone phosphatase.

An important question that remains is how the de-
phosphorylation of Ser424 on HDAC3 negatively regu-
lates HDAC3 activity. Thus far, we have ruled out the
possibility that dephosphorylation of HDAC3 changes
the subcellular localization of HDAC3. An alternative
possibility is that dephosphorylation of HDAC3 by PP4
causes a conformational change that renders it less ac-
tive. Another equally plausible scenario is that the de-
phosphorylation of HDAC3 by PP4 affects its ability to
interact with other proteins. Coimmunoprecipitation

experiments did not detect any difference in the ability
of phosphorylated versus nonphosphorylated HDAC3 to
associate with N-CoR (data not shown), but further ex-
periments designed to identify proteins that might selec-
tively interact with phosphorylated HDAC3 are now un-
der way.

As mentioned previously, the biological functions of
PP4 are not well understood. Although predominately
nuclear (Kloeker et al. 1997), some PP4c is present in
cytoplasm and, more interestingly, in mitotic centro-
somes in both human and Drosophila cells. This cellular
distribution pattern suggests that PP4 possesses diverse
functions, including the regulation of nucleation and sta-
bilization of microtubules (Brewis et al. 1993). Indeed,
Drosophila embryos with subnormal amounts of PP4c

are unable to complete mitosis due to a lack of micro-
tubules (Helps et al. 1998), and it has been shown that
Caenorhabditis elegans requires PP4 for centrosome
maturation in mitosis and sperm meiosis (Sumiyoshi et
al. 2002). At the present time, we do not know whether
dephosphorylation of HDAC3 by PP4, and the conse-
quent decrease in HDAC activity, contributes to the role
of PP4 in mitosis. However, we favor the idea that the
biological consequence of HDAC3 dephosphorylation by

Figure 9. Up-regulation of HDAC3 activity by
inhibition or depletion of PP4c. (A) HDAC activity
was assayed in anti-Flag immunoprecipitates pre-
pared from HEK293 cells transfected with plas-
mids encoding either Flag-HDAC3 (left panel) or
Flag-HDAC1 (right panel) with PP4-RL as indi-
cated. Immunoprecipitates were immunoblotted
(IB) with anti-Flag antibodies to monitor Flag-
HDAC protein expression with and without PP4-
RL (representative blots are shown in bottom pan-
els). Each assay was performed in duplicate from
three independent samples, and the values shown
are the averages ± SD. (B) Similar experiments
were performed with shPP4c, instead of PP4-RL,
in HeLa cells. (C, top panel) Extracts of the indi-
cated cell lines were immunoblotted with PP4c

antibodies. The blots were stripped and reprobed
with an anti-�-actin antibody to normalize for
protein loading and transfer. HepG2 and HeLa
cells were transfected with a plasmid encoding
Flag-HDAC3. (Bottom panel) Flag immunopre-
cipitates were assayed for deacetylase activity or
immunoblotted with anti-Flag antibodies.

Regulation of HDAC3 activity by PP4

GENES & DEVELOPMENT 835



PP4 is unrelated to either microtubule stabilization or
cell division for two reasons. First, HDAC3 colocalizes
with PP4R1 and PP4c outside of the centrosomes (data
not shown). Second, in contrast to PP4R1, the 50-kDa
PP4R2 subunit, which targets PP4c to centrosomes (Has-
tie et al. 2000), does not copurify with HDAC3.

In addition to HDAC3, PP4 might be involved in the
regulation of NF-�B p65 Thr phosphorylation (Hu et al.
1998). In doing so, it has been suggested that PP4 pre-
sumably activates NF-�B and facilitates TNF�-induced
activation of JNK kinase (Zhou et al. 2002; Mihinduku-
lasuriya et al. 2004; Yeh et al. 2004; Zhou et al. 2004).
Since HDAC3 is a regulator of NF-�B and of the JNK
pathway (Chen et al. 2001; Zhang et al. 2002; Weiss et al.
2003), it will be important to elucidate the association of
HDAC3 dephosphorylation by PP4 with these signaling
pathways in future studies. Finally, it has been shown
that PP4 may have a proapoptotic role in T-lymphocytes
(Mourtada-Maarabouni et al. 2003). Because previous
studies suggest that the survival of normal cells requires
HDAC3 (Dangond et al. 1998, 1999; Glaser et al. 2003),
the possibility that HDAC3 could be a mediator of the
proapoptotic effect by PP4 also warrants further investi-
gation.

Materials and methods

Plasmids

Mammalian expression plasmids for Flag-HDAC3 (Yang et al.
1997; Wen et al. 2000), Flag-HDAC3 deletion mutants (Yang et
al. 2002), Flag-HDAC1 (Taunton et al. 1996), Flag-HDAC2 (La-
herty et al. 1997), Myc-PP4R1 (Kloeker and Wadzinski 1999),
HA-PP4c (Hu et al. 1998), and PP4-RL (Zhou et al. 2002) have
been previously described. Expression plasmids for nontagged
PP4c and PP4R1 were constructed by standard PCR and sub-
cloned into the pcDNA3.1(+) vector (Invitrogen). Bacterial ex-
pression plasmids for GST-HDAC2 and GST-HDAC3 have also
been previously described (Yang et al. 1997), and the various
GST-HDAC3 deletion plasmids were generated by PCR and
subcloned into the pGEX4T-1 vector (Pharmacia). Flag-S405A,
Flag-S424A, and Flag-S405A/S424A expression plasmids were
derived from pFlag-HDAC3 with the Quick-change site-di-
rected mutagenesis kit (Stratagene). Likewise, bacterial expres-
sion plasmids for GST-S405A and GST-S424A were generated
from pGEX-HDAC3 using identical strategies. All constructs
were verified by DNA sequencing.

Cell culture and transfection

Cells were maintained in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% fetal bovine serum. Transfec-
tions were performed with Lipofectamine 2000 (Invitrogen) ac-
cording to the manufacturer’s instruction. Cells were harvested
48 h after transfection for further analysis.

In vivo phosphate labeling and phosphoamino acid analysis

HeLa cells transfected with the Flag vector or with Flag-HDAC3
expression plasmids were preincubated with phosphate-free
DMEM for 1 h before labeling. Cells were then treated with
32P-orthophosphate at a concentration of 0.5 mCi/mL for 4 h at
37°C and lysed in a modified RIPA buffer. Flag-tagged proteins

were immunoprecipitated with Flag M2 agarose under high-
stringency conditions and resolved by 8% SDS-PAGE. Phos-
phorylated proteins were detected by autoradiography. For
phosphoamino acid analysis, 32P-labeled Flag-HDAC3 was
transferred onto a polyvinylidene difluoride (PVDF) membrane,
and the membrane was exposed to X-ray film. The HDAC3-
specific band was excised and hydrolyzed in 6 N HCl for 1 h at
110°C. The hydrolysate was separated by two-dimensional elec-
trophoresis on thin-layer cellulose with the HTLE-7000 system
as described previously (Blume-Jensen and Hunter 2001).

Immunoprecipitation and immunoblotting analysis

Anti-Flag, anti-HA, anti-�-tubulin, and anti-�-actin antibodies
were purchased from Sigma-Aldrich; anti-Myc and anti-PP4c an-
tibodies were purchased from Santa Cruz Biotechnology; anti-
phosphoserine antibody was purchased from Zymed Laborato-
ries. Rabbit polyclonal anti-HDAC1, anti-HDAC2, and anti-
HDAC3 antibodies were produced as described previously
(Taunton et al. 1996; Laherty et al. 1997; Wen et al. 2000). For
immunoprecipitations, cells were rinsed with ice-cold PBS and
lysed in 1 mL of either high-stringency buffer (a modified RIPA
buffer containing 20 mM Tris-HCl at pH 7.4, 150 mM NaCl, 2
mM EDTA, 1% NP-40, and a cocktail of protease inhibitors) or
low-stringency buffer (PBS containing 0.1% NP-40, 10% glyc-
erol, and a cocktail of protease inhibitors). The lysates were
immunoprecipitated with the primary antibody overnight at
4°C, and the immunocomplexes were collected, washed four
times, and resolved by SDS-PAGE. For immunoblotting,
samples were transferred onto nitrocellulose membranes. Mem-
branes were probed with the appropriate antibodies, and pro-
teins recognized by the antibodies were detected using the Che-
miluminescent Detection Kit (Pierce). In some experiments,
conventional horseradish peroxidase conjugated anti-rabbit IgG
blotting reagents were substituted with Rabbit IgG TrueBlot
(eBioscience) to eliminate interference of signal detection by the
immunoglobulin heavy and light chains.

In vitro kinase assay

GST-fusion proteins were incubated with 500 U of recombinant
CK2 (New England Biolab) in the presence of 5 µCi of
[�-32P]ATP, 100 µM ATP, and manufacturer-supplied kinase
buffers in a total volume of 20 µL for 30 min at 30°C. The
reactions were terminated by addition of 2× SDS sample loading
buffer and boiled for 5 min. After electrophoresis, gels were
stained with Coomassie blue and dried, and phosphorylated
products were visualized by autoradiography.

GST pull-down assay

GST, GST-HDAC3, and GST-HDAC2 were expressed and pu-
rified as previously described (Yang et al. 1997). 35S-PP4R1 was
prepared using the coupled transcription–translation rabbit re-
ticulocyte lysate system (Promega). Equimolar quantities of
GST, GST-HDAC3, or GST-HDAC2 conjugated to glutathione-
Sepharose beads were incubated with radiolabeled PP4R1. Bind-
ing reactions, washing conditions, electrophoretic analysis, and
subsequent autoradiography were performed as previously de-
scribed (Yang et al. 1997).

Phosphatase assay

Phosphatase assays were performed using the Ser/Thr Phospha-
tase Assay Kit 1 (Upstate Biotechnology) according to the manu-
facturer’s instructions. Immunoprecipitates (free of phosphate)
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were incubated with 4 µM RRApSVA peptide in 30 µL of assay
buffer (50 mM Tris at pH 7.0, 0.1 mM CaCl2) at 30°C for 30 min.
Enzyme reactions were terminated by the addition of 100 µL of
Malachite Green solution. After 15 min of color development at
room temperature, phosphatase activities were determined by
measuring the absorbance at 650 nm.

Histone deacetylase assay

Deacetylase activity was determined using hyperacetylated
core histones purified from HeLa cells. Briefly, immunoprecipi-
tated samples were incubated with [3H]acetate-labeled core his-
tones in 150 µL of reaction buffer (20 mM Tris at pH 8.0, 150
mM NaCl, and 10% glycerol) at room temperature overnight.
Reactions were quenched with 1 M HCl and 0.16 M acetic acid
(50 µL in each sample). Released [3H] acetic acid was extracted
with 600 µL of ethyl acetate by vortexing and centrifugation (5
min at 14,000 rpm). Ethyl acetate supernatants (300 µL from
each sample) were quantified by scintillation counting.
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